Amorphous SVamorphous Ge multilayers were prepared by ion beam sputtering. Silicon, boron, gold, or oxygen atoms were introduced into the Si/Ge multilayers by ion implantation or during the sputtering deposition. Diffusion or ion mixing lengths were determined by measuring the decrease in the intensity of the first-order x-ray diffraction peak resulting from the composition modulation. Annealing of Si-implanted samples showed that after relaxation the diffusivity appeared unaffected by the implantation process. Annealing of the multilayers containing B or Au showed that the interdiffusion of Si and Ge in their amorphous phase can be enhanced by doping, while 0 implantation showed no effect. The enhancement factor is independent of the degree of structural relaxation, as observed by the decrease of diffusivity with annealing time, of the amorphous phase. A model is proposed that describes this behavior in terms of electronic effects, introduced by dopants, on the pre-existing structure defects governing interdiffusion.
As in the crystalline state, the diffusion processes in amorphous Si or Ge are most easily interpreted as governed by the presence and motion of defects in the ideal, fully connected continuous random network,13, such as vacancies, interstitials, or broken bonds. In the amorphous state, these defects are present as a result of the growth (deposition) or implantation processes, and are therefore not in equilibrium. As a result, their concentration decreases continuously if atomic motion becomes possible. This process, together with the attending decrease in free energy and change in other physical properties, is known as structural relaxation.
The artificial multilayer technique is particularly well suited for studying diffusion in these systems. Not only is it the most sensitive one available (diffusivities as low as 10 -23 cm2/s can be measured), it is also nondestructive, which allows the diffusivity to be monitored as a function of time. Structural relaxation is manifested by a continuous decrease in the diffusivity.
In our early work, we have used the multilayer technique to study thermal and ion-beam enhanced diffusion in amorphous Si (a-Si)/amorphous Ge (a-Ge) artificial multilayers3-' In this paper we report on the effect of ion implantation and solute atoms on the interdiffusivity of Si and Ge. The study of the effect of self-implantation in sputter-deposited multilayers was aimed at investigating the similarity between the structural defects introduced by the two processes. The effect of dopant atoms in the amorphous phase was studied because they may affect the concentration or character of the structural defects that control the diffusivity of the host atoms. Enhancement of the self-diffusivity by doping has been observed in crystalline Si and Ge, and has been explained by changes in equilibrium concentrations of defects due to a shift of the Fermi level.t4 '" It is also known that dopants cause enhancement of the solid phase epitaxial (SPE) regrowth rate. 16'20 This is again interpreted by electron effects on the generation of structural defects,21-23 although the exact nature of these defects has not been unambiguously determined.'8~24325 Although the atomic mechanisms for diffusion and SPE are not identical, they may be similar, since they both require bond breaking processes.24 Therefore a better understanding of the effect of dopants on the interdiffusion in the amorphous phase can elucidate their effect in SPE as well.
II. EXPERIMENTAL METHODS
Artificial multilayers of a-Si/a-Ge were prepared by ion beam sputtering from alternating elemental targets26 onto oxidized Si( 100) substrates. The sputtering Ar gas ') was cleaned in a Ti gettering furnace, and the actual deposition was started after presputtering for at least one hour. The repeat lengths of the multilayers, obtained from the position of the x-ray diffraction peaks resulting from the composition modulation, corrected for the index of refraction of the material,27 were about 60 A. The average composition of the multilayers was equiatomic, and the total film thickness was about 2000 A. Cross-sectional transmission electron microscopy investigation of ion-implanted or annealed samples with solute atoms confirmed that the planar layer structures were preserved, and that no crystallization or precipitation had occurred at any stage of the experiments.3*5 Some multilayers were implanted at a substrate temperature of 77 K with either 29Si (a dose Q, at 70 keV, and @ at 160 keV), "B (a at 20 keV, and 2@ at 50 keV), or 160 (@ at 25 keV, and 2@ at 75 keV) in the dose range from @ = 6~ lot3 to 2~ lOI ions/cm2. These implantation doses and energies were chosen to given reasonably uniform damage or solute distributions throughout the 2000-A multilayer films.28 Gold atoms were incorporated into the Si/Ge amorphous multilayers during the ion beam sputtering deposition by mounting small pieces of Au foil on the Si and Ge elemental targets. The size and position of the foils on these two targets were adjusted to have equal concentrations of Au at 0.4 at. % in the Si and Ge layers, and the composition was checked by Rutherford backscattering spectrometry.
The samples before and after ion implantation or thermal annealing were investigated by x-ray diffraction in a 0-28 scan on a GE horizontal diffractometer, using CrKo radiation. The diffusion coefficients are calculated from
where d is the repeat length, I(t) is the integrated intensity (above background) of the first-order x-ray diffraction peak, and t is the annealing time, *29 the square of the ion mixing length corresponds to d2/8g [ln (11/12) ] where I, and I2 are the intensities of the first-order x-ray peak, respectively, before and after ion implantation. An angular misfit in remounting the sample after each anneal or implantation was corrected by making e-rocking scans around the peak up to the angular resolution of O.Ol", which gives a reproducible intensity within 3%.
The samples were annealed in a lamp-heated silica tube furnace. The tube was evacuated with a cryogenic pump to 10 -' Tort-, and backfilled with flowing He gas cleaned in a Ti gettering furnace. Each doped sample was simultaneously annealed with a control sample. For samples containing Si, B, or 0, the control samples were unimplanted multilayers. For samples containing Au, the control samples were prepared immediately after each sample deposition in the ion beam sputtering chamber.
Ill. RESULTS
A. The effect of self-implantation Figure 1 shows that the square of the ion mixing length resulting from 29Si implantation at a 77-K substrate tem- perature is proportional to the ion dose, @, for doses between 6~ 1013 and 6~ 1014 ions/cm2.
The multilayer, implanted at 6 x 1013 ions/cm2 (corresponding to 22.5 A2 for the square of the mixing length), was annealed, together with a simultaneously deposited unimplanted control sample. Figure 2 shows that, during the first anneal at 650 K, diffusion in the implanted sample is slightly faster than in the control sample. During the second anneal at 670 K, the diffusivities of the two samples are the same within experimental error. The diffusivities are determined by linear least-square fits to the approximately linear portions of the plots of In I vs annealing time. 
B. The effect of boron implantation
The square of the mixing length resulting from ion implantation of "B is proportional to the dose, @, in the range from 2~ 1014 to 2~ lOI ions/cm', as shown in Fig.  3 . Figures 4 , 5, and 6 show diffusivities during thermal annealing of three implanted samples (peak concentrations 0.05, 0.2, and 0.4 at. % B, respectively) and their unimplanted controls. As shown in Figs. 4 and 5, the diffusion in the implanted samples was slightly faster than in their controls during the first anneal at 650 K. For the second anneal at a higher temperature (670 K), no difference in diffusivity is observed between the 0.05 at. % B sample and the control (Fig. 4 ). Both these results are similar to the case of the "SLimplantation (see Fig. 2 ). In the 0.2 at. % B sample, the diffusivity at 690 K (see Fig. 5 ) is enhanced by factors 1.54 and 1.63 over the control, while the decrease in diffusivity with annealing time is about a factor of 2 in both the sample and control. Figure  6 shows that the diffusivity at 700 K in the 0.4 at. % B sample is enhanced by factors 2.33 and 2.49 over the control, while the decrease in diffusivity with annealing time is about a factor of 7. These data show that interdiffusion of Si and Ge is enhanced by boron addition, and that the enhancement factor is independent of the degree of struc- II a '13' s IF"1 a 1 t IS I t lb s 'I7 " tural relaxation, as measured by the decrease in diffusivity with annealing time, of the amorphous phase.
C. The effect of Au solute atoms
Figures 7 and 8 show diffusivities for two multilayer films with 0.4 at. % Au at annealing temperatures of 680 and 700 K, respectively. The diffusivity in a 0.4 at. % Au sample at 680 K is enhanced by factors 1.77 and 1.57 over the control, while the decrease in diffusivity with annealing time is about a factor of 7, as shown in Fig. 7 . At 700 K, the diffusivity is enhanced by factors 1.74, 1.74, and 1.71 over the control, while the decrease in diffusivity with annealing time is about a factor of 11 (Fig. 8) . Again, the interdiffusion of Si and Ge in the amorphous phase is enhanced by Au dopants, and the enhancement factor does not depend on the degree of structural relaxation, as measured by the decrease in the diffusivity.
D. The effect of oxygen implantation
The square of the ion mixing length resulting from the implantation of I60 (6x 1014 ions/cm2 at 25 keV, and 12X lOi ions/cm2 at 75 keV) is 101.8 A2. These energies and doses were chosen to have oxygen peak concentrations of 0.2 at. %. Figure 9 shows that, within experimental error, the diffusivity in the 0.2 at. % oxygen sample is the same as in its control at all stages of structural relaxation.
IV. DISCUSSION

A. Self-implantation
In the later stages of annealing, the interdiffusivities in the 2gSi-implanted sample and in the unimplanted control sample are identical within experimental error. A TRIM calculation2* of the target atom displacements resulting from implantation with 2gSi at 70 and 160 keV with doses of 6 X lOI ions/cm2 (Fig. 2) , gives -lo-' defects/atom. In the crystal, the defects are well-defined as vacancyinterstitial pairs (Frenkel defects). The defects in the amorphous phase can also be thought of as pairs of vacancy-like and interstitial-like defects created by displacements of atoms from their ideal continuous random network sites. A model study3' showed that a vacancy in a random network subject to a Keating potential is a stable configuration. No similar study for the interstitial exists. The activation enthalpy for diffusion of these implantationinduced defects has only a migration component which is likely to be small.31 It is therefore possible that they annihilate rather quickly, either during the implantation process at 77 K or at the early stages of annealing, so that their concentration could fall considerably below that of the preexisting ones, such as broken bonds, which govern interdiffusion in the as-deposited multilayers. Since the activation enthalpy for the latter process is 2.3 eV,3 diffusion and annihilation of the pre-existing defects could indeed be considerably slower than that of the implantation-induced ones.
B. Solute-enhanced interdiffusion
A comparison of the SPE and interdiffusion data suggest that a fraction of the dopant-induced defects contributing to SPE growth is contributing to the diffusion process as well. For 0.4 at. % B, the SPE rate in Si is enhanced by a factor of 10.19 At 0.2 at. % B, it is enhanced by factors of 5 and 2.5 in Si (Ref. 19) and Ge (Ref. 18) , respectively. At 0.05 at. % B in Si, the enhancement factor is almost negligible." For 0.4 at. % Au, the SPE rate in Si is enhanced by a factor of 6."
Still, it is somewhat surprising that atomic diffusion can be enhanced by dopants in the amorphous phase, for the following reasons:
( 1) In these fully amorphous Si/Ge multilayers, structural defects cannot be supplied from the crystalline phase, as in the mechanisms proposed for the SPE rate enhancement. 2'-23 (2) The doping efficiency in amorphous Si and Ge is low. In other words, only a fraction of solute atoms becomes electrically active.32 (3) Amorphous Si and Ge have a high concentration of neutral dangling bonds, and each neutral dangling bond can trap either an electron or a hole, which comes from the ionized dopants.32-35
The following is one possible model for the enhancement of Si and Ge interdiffusion by B or Au in these multilayers. Atomic diffusion in the amorphous phase is controlled by nonequilibrium structural defects. It is possible that electrons or holes from the B or Au atoms affect the structural defects and help the bond breaking process. That the enhancement factor is independent of the degree of structural relaxation can be explained if the fraction of the pre-existing structural defects affected by electrons or holes in the deposited Si/Ge amorphous multilayers is constant in time.
The following argument makes this more explicit. The deposited Si/Ge amorphous multilayer has pre-existing structural defects, estimated at -104/atom, which govern the thermal diffusion.3 Initially (at stage 1) the interdiffusivity of deposited multilayers without dopants is:
where Do is a prefactor that is independent of temperature and degree of relaxation, XD is the concentration of structural defects controlling atomic diffusion in the amorphous phase, Q is the activation enthalpy for diffusion, k is Boltzmann's constant, and the superscript 1 corresponds to stage 1. Some fraction of structural defects, C, in multilayers with dopant atoms can interact with the electrons or holes from the dopants, if they are within a certain distance from a dopant atom, as illustrated in Fig. 10 . Both dopants and structural defects are assumed to be distributed randomly. Atomic diffusion could become easier if the change in the local electronic configuration lowered the activation enthalpy. The interdiffusivity of the multilayers with dopant atoms at stage 1 is given by
.
where Q -A is the activation enthalpy for atomic diffusion controlled by structural defects that are affected by electrons or holes. The rest of the structural defects, ( 1 -C), does not interact with the carriers. Therefore, the interdiffusion enhancement by dopant atoms at stage 1 is
which is the ratio of Eqs. (2) to ( 1). After relaxation of the diffusivity with time (stage 2), the interdiffusion coefficient of deposited multilayers without dopants is
where the superscript 2 corresponds to stage 2. The fraction of structural defects interacting with electrons or holes in the multilayers with dopants at stage 2 will still be C, the same as in stage 1, because the structural defects and impurity atoms are randomly distributed, as illustrated in Fig. 10 . Therefore, the interdiffusion coefficient of multilayers with dopants at stage 2 is
The ratio of Eqs. (5)- (4) is the same as Eq. (3), giving an enhancement factor that is independent of the degree of structural relaxation. In the above analysis, the relaxation in diffusivity with time is assumed to take place by a decrease in the concentration, XD of structural defects.
Hasegawa et a1.34 have found that the density of neutral dangling bonds in hydrogenated a-Si, detected by electron spin resonance (ESR) signal, decreases with an increase of the boron concentration, indicating trapping of holes by the neutral dangling bonds. For example, at 0.5 at. % B, the ESR spin density decreases from 2 X 10 -4 to about 4X lo-'/atom. This gives C-O.8 = (2X 10e4-4X 10m5)/2X low4 at this boron concentration. A value for C of 0.8 at 0.5 at. % B means that structural defects within a 9-A radius from a boron atom, calculated from C=[4~/3 (9 .&)3]~(5~10-3)/20~3-0.8, can trap holes. The Bohr radius for a carrier from an ionized dopant atom is around 10 A in hydrogenated a-Si.32
The 9 These two values are almost the same, and are small enough to be realistically explained by electronic effects on the bond breaking process. At 0.05 at. % B, the average value of A gives an enhancement factor of 1.16, which is near the detection limit, consistent with the data shown in Fig. 4 .
That the relaxation rate is not affected by the presence of dopants, even though these dopant atoms enhance the interdiffusivity of the Si and Ge host atoms (Figs. 5-8) , implies that the relaxation processes are not controlled by the same processes that control the interdiffusion. One possible explanation is that the annihilation of structural defects is a two-step process: diffusion to a sink, followed by a rearrangement at the sink leading to a network with lower energies. That the relaxation rate does not scale with the diffusivity implies that the final rearrangement at the sink is the rate-limiting step.
That the interdiffusivity of the host atoms is not affected by 0.2 at. % oxygen atoms, as shown in Fig. 9 , can be explained as follows. The binding of oxygen impurities to Si and Ge atoms is very strong, so that the local rearrangements required for formation and migration of defects become more difficult. However, the volume affected this way by each oxygen atom is probably no more than an atomic volume, which is much smaller compared to that affected by each dopant ( -9 w estimated above). Since the structural defects (-10w4/atom) and oxygen atoms are randomly distributed in the Si/Ge multilayers, the overlap between the structural defects and the areas affected by oxygen atoms is very small, making the retardation effects almost negligible.
In contrast to its effect on diffusion, oxygen retards the SPE rate.36 As pointed out by Spaepen and Turnbull, crystal growth in covalently bonded system can be initiated by bond breaking at the interface; the broken bonds then run along a crystalline ledge rearranging the random network. Oxygen can inhibit the rearrangement process by tying down the broken bond, thereby blocking the ledge motion and retarding the regrowth rate.
V. CONCLUSIONS
Annealing of the Si-implanted a-Si/a-Ge multilayers shows that in the later stages of annealing the diffusivity is not affected by the implantation process, indicating that the implantation-induced structural defects annihilate rather quickly, either during the implantation and/or during the early stages of annealing.
The interdiffusion of Si and Ge in the amorphous phase is enhanced by the presence of dopants such as boron and gold. The enhancement can be described by a constant factor, independent of time and degree of relaxation, and has been explained by interaction of electrons or holes from the dopant elements with the pre-existing structural defects. A comparison of this experiment and the SPE growth rate enhancement suggests that the mechanism of dopant-induced diffusion enhancement can also operate in the SPE process, which requires bond breaking at the interface for the crystallization rearrangements.24
